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DNA polymerases can only synthesize nascent DNA
from single-stranded DNA (ssDNA) templates. In
bacteria, the unwinding of parental duplex DNA is
carried out by the replicative DNA helicase (DnaB)
that couples NTP hydrolysis to 50 to 30 translocation.
The crystal structure of the DnaB hexamer in
complex with GDP-AlF4 and ssDNA reported here
reveals that DnaB adopts a closed spiral staircase
quaternary structure around an A-form ssDNA with
each C-terminal domain coordinating two nucleo-
tides of ssDNA. The structure not only provides
structural insights into the translocation mechanism
of superfamily IV helicases but also suggests that
members of this superfamily employ a translocation
mechanism that is distinct from other helicase super-
families. We propose a hand-over-hand mechanism
in which sequential hydrolysis of NTP causes a
sequential 50 to 30 movement of the subunits along
the helical axis of the staircase, resulting in the
unwinding of two nucleotides per subunit.
INTRODUCTION
Helicases couple nucleic-acid-dependent nucleoside triphos-
phate (NTP) hydrolysis to their translocation on and unwinding
of nucleic acid duplexes through a RecA-core NTPase domain
that belongs to the additional strand catalytic glutamate
(ASCE) class of P-loop NTPases (Leipe et al., 2003; Singleton
et al., 2007). Among the six superfamilies (SF) of helicases, hex-
americ helicases are spread among SF3–6, whereas the remain-
ing SF1–2 contain monomeric helicases (Singleton et al., 2007).
The hexameric helicases can be further subdivided into two
groups: the AAA+ (ATPases associated with various cellular
activities) 30 to 50 helicases of SF3 and SF6; and the RecA-type
50 to 30 helicases of SF4–5 (Berger, 2008; Singleton et al., 2007).The DnaB hexamer (DnaB6) is the bacterial replicative DNA
helicase that unwinds double-stranded DNA (dsDNA) ahead of
the replication fork and provides single-stranded DNA (ssDNA)
templates for the DNA polymerase III holoenzyme (Kaplan and
Steitz, 1999; LeBowitz and McMacken, 1986; Schaeffer et al.,
2005). It is a member of SF4 that also includes DnaB family
G40P helicase of bacteriophage SPP1 and gene 4 helicase
from bacteriophage T7 (T7gp4). DnaB monomer consists of an
N-terminal helical domain (NTD), a linker domain, and a RecA-
core C-terminal helicase domain (CTD) (Figure 1A) (Bailey
et al., 2007b; LeBowitz and McMacken, 1986). The unliganded
Bacillus stearothermophilus (Bst) DnaB6 and G40P helicases
form a flat double-layered ring with the NTD adopting a trimer-
of-dimers architecture that stacks on top of a hexameric ring
of the CTDs (Bailey et al., 2007a; Wang et al., 2008). Following
DnaA- and DnaC-dependent loading onto an ssDNA at the repli-
cation bubble, DnaB6 not only serves as the replicative helicase
but also provides a nucleation site for replisome assembly
through its NTD contact with DnaG primase and its CTD associ-
ation with the t subunit of the clamp loader complex, which
subsequently recruits DNA polymerase III holoenzyme to the
replication fork (Schaeffer et al., 2005).
The translocation mechanisms of SF4 and SF6 helicases
remain unknown, whereas those of SF3 and SF5 helicases
have been elucidated through the crystal structures of papillo-
mavirus E1 helicase complexed with ssDNA and ADP (Enemark
and Joshua-Tor, 2006) and Rho helicase complexed with ssRNA
and ADP-BeF3 (Thomsen and Berger, 2009), respectively. These
structures show that these flat hexameric helicases simulta-
neously engage their nucleic acid substrate with a stoichiometry
of one nucleotide per subunit through their nucleic-acid-binding
loops that adopt a spiral staircase arrangement with the loop
height correlating with the nucleotide-binding states. A coordi-
nated escort mechanism based on these structures suggests
that the nucleic acid substrate is pulled through the helicases
as the nucleic-acid-binding loops move along the translocation
axis during the ATP hydrolysis cycle (Enemark and Joshua-
Tor, 2006; Thomsen and Berger, 2009). Comparison of the two
structures reveals that the two helicases travel in oppositeCell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc. 267
Figure 1. Overall Architecture of the Cocrystal Structure DnaB6 with ssDNA and GDP-AlF4
(A) Domain organization of a DnaB monomer.
(B) Initial experimental electron density at 5.9 A˚ resolution contoured at 2s (green) and final 2Fo-Fc electron density at 3.55 A˚ resolution contoured at 2s (blue).
(C) A right-handed lockwasher.
(D) Top view of DnaB6. The N-terminal domain (NTD) trimer-of-dimers and linker domains are shown in cartoon representation, whereas the C-terminal domain
(CTD) staircase is shown in solvent-accessible surface representation. The ssDNA and five molecules of GDP-AlF4 are shown as yellow and black spheres,
respectively.
(E) Side view of DnaB6 rotated 90
 with respect to (D). The C-linkers that are not visible in the electron density map are modeled as blue dashed lines.
See also Figure S7.directions because the order of NTP hydrolysis by their catalytic
sites is reversed even though they bind their nucleic acid
substrates in the same orientation (Thomsen and Berger, 2009).
To elucidate the translocation mechanism of DnaB6 and to
begin to understand how dsDNA is unwound at the replication
fork, we have determined the cocrystal structure of BstDnaB6
with an ssDNA and five molecules of GDP-AlF4, an NTP analog
that mimics the transition state of NTP hydrolysis, which was
refined at 3.3 A˚ resolution (I/sI = 2.27 at 3.55 A˚ resolution). In
striking contrast to the flat ring structures of the E1 and Rho heli-
case complexes (Enemark and Joshua-Tor, 2006; Thomsen and
Berger, 2009), our structure shows that the subunits of DnaB6
are arranged in a right-handed spiral staircase conformation
and are bound to two nucleotides of an A-form ssDNA per
subunit. We propose that DnaB6 and other SF4 helicases may
utilize a hand-over-hand translocation mechanism in which
sequential hydrolysis of NTP is coupled to 50 to 30 translocation
of the subunits with a step size of two nucleotides. In the
hand-over-hand mechanism, translocation results from the
migration of individual subunits along the helical axis of an
ssDNA substrate instead of the movement of nucleic-acid-
binding loops that was suggested for E1 and Rho helicases (En-
emark and Joshua-Tor, 2006; Thomsen and Berger, 2009).268 Cell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc.RESULTS
Structure Determination
The structure of DnaB6 in complex with ssDNA and five mole-
cules of GDP-AlF4 was determined by using the single isomor-
phous replacement with anomalous scattering method in space
group P2221 with two copies of the complex in the asymmetric
unit. The initial experimental phases were determined at 5.9 A˚
resolution from a Ta6Br14
2+ derivative prepared from a crystal
of DnaB6 with a 40-nucleotide-long ssDNA and GDP-AlF4
(Table 1). These phases were then applied to a 3.55 A˚ resolution
data set (I/sI = 2.27), which was obtained from a second crystal
containing a 16-nucleotide-long ssDNA and GDP-AlF4. The final
model of the second crystal was refined by including data up to
3.3 A˚ resolution (I/sI = 0.8) to an Rwork/Rfree of 24.25%/28.85%
(Figure 1B).
Overall Architecture
DnaB6 in complex with ssDNA and GDP-AlF4 forms a double-
layered, right-handed spiral staircase. The NTD and CTD rings
are split at one point and bent into a helical shape, which resem-
bles two spring lockwashers stacked on top of each other
(Figures 1C, 1D, and 1E). In contrast, the unliganded hexamer
Table 1. Data Collection and Refinement Statistics
Data Set Native 1 Derivative 1 Derivative 2 Derivative 3 Native 2
Data Collection Statistics
Heavy atom 1.7 mM Ta6Br14
2+ for 7 days 1.7 mM Ta6Br14
2+ for 3 days 100 mM EMP for 2 hr
ssDNA length
(nucleotides)
40 40 40 40 40 40 16
Space group P2221 P2221 P2221 P2221 P2221 P2221 P2221
Unit cell a, b,
and c (A˚)
153.05,
177.38,
275.20
153.13,
176.16,
279.28
153.10,
175.39,
278.79
153.27,
175.60,
278.73
153.40,
175.65,
279.30
152.81,
176.70,
275.42
149.12,
180.32,
279.13
Wavelength (A˚) 1.11 1.2545 1.2545 peak 1.2300 remote 1.2549 inflection 1.11 1.11
Resolution range (A˚) 50–5.7 50–6.0 50–6.0 50–6.5 50–6.2 50–7.25 50–3.55
Unique reflections 22,513 19,505 19,686 15,782 16,763 11,225 103,421
Redundancya 6.5 (6.8) 3.4 (3.5) 3.4 (3.3) 2.4 (2.4) 3.4 (3.2) 6.4 (6.2) 3.0 (3.0)
Completeness (%)a 99.8 (100) 99.9 (100) 99.8 (99.9) 97.5 (98.1) 99.8 (99.8) 99.9 (100) 89.4 (87.5)
I/ sa 22.2 (0.84) 20.0 (1.2) 15.0 (1.0) 13.0 (1.19) 13.0 (1.2) 12.4 (2.4) 32.7 (2.27)
Rmerge (%)
a 7.6 (>100) 7.5 (>100) 10.8 (>100) 9 (75.7) 12.3 (96.3) 16.7 (75.2) 12.5 (4.85)
Hexamers in AU 2 2 2 2 2 2 2
Refinement Statistics
Rwork (%) 24.25
Rfree (%) 28.85
RMSD bond (A˚)/angle () 0.0106/1.51
Numbers of atoms 40,304
Figure of merit 0.775
aNumber in parenthesis referred to high-resolution shell.adopts a double-layered flat ring conformation (Bailey et al.,
2007a; Wang et al., 2008). In the ssDNA complex, the NTD trimer
of dimers is organized around a pseudo 3-fold rotational axis of
symmetry, which is analogous to a three-step staircase in which
each step comprises one dimer (Figure 1E). The CTD ring, on the
other hand, is a six-step staircase with each step consisting of
a RecA-like domain. The center of mass of the CTD staircase
has a pitch of 28 A˚, which is generated from a 5.6 A˚ rise and
a 60 rotation per subunit along a pseudo 6-fold rotational screw
symmetry axis (Figure 1E).
The linker domain comprises an N-linker, a linker helix, and
a C-linker (Figures 1A and 1E). The N-linkers join the two layers
of DnaB6 because the NTD and CTD of the same subunit make
minimal contact with each other through interfaces whose sizes
vary from 0 to 500 A˚2, as opposed to an average of 500 A˚2 in the
unliganded hexamer (Bailey et al., 2007a). The only exception is
the top CTD subunit that interacts extensively with its NTD
subunit through a 1,100 A˚2 interface. The linker helices and the
C-linkers glue the CTD ring together through hydrophobic
packing between the linker helix of one subunit and the adjacent
CTD subunit. The adjacent CTD subunits make more extensive
contacts with each other upon the binding of ssDNA and
GDP-AlF4 than they do in the unliganded DnaB6, resulting in
a decrease in the diameter of the CTD staircase around the
ssDNA without affecting the diameter of the NTD staircase.
With the exception of the 18 A˚ gap at the trimer interface that
splits the staircase of the NTD trimer of dimers (Figure 1E), the
top and bottom steps of the CTD staircase are in close contactwith each other through the linker helix and the C-linker (Fig-
ure 1E), thereby making the hexamer overall a closed assembly.
Conformation of ssDNA Substrate and Helicase-DNA
Interactions
An Fo-Fc difference electron density map showed density for the
bases and phosphate backbone of 14 nucleotides of the ssDNA
substrate in the central channel of the CTD staircase prior to the
inclusion of the ssDNA in the model (Figure 2C). However, as
indicated by their temperature factors, only 11 nucleotides in
the center of the ssDNA whose 50 end projects toward the NTD
staircase interact tightly with the helicase (Figure 1E), which is
consistent with the ten nucleotide footprint of E. coli DnaB6
and Forster resonance energy transfer (FRET) data (Jezewska
et al., 1998a, 1998b).
The phosphate backbone of the ssDNA superimposes on that
of A-form DNA with a root mean square deviation (RMSD) of
2.0 A˚ (Figure 2A and Table 2) and also on that of the template
strand DNA bound to the b-clamp in the structure of b-clamp:
clamp loader complex with its substrate (Kelch et al., 2011)
with an RMSD of 0.54 A˚. The backbone also exhibits a 20%
reduction in the average rise per residue compared to B-form
DNA (Table 2), which is consistent with a single-molecule study
in which it was reported that DNA compaction is involved in the
unwinding cycle of DnaB6 (Ribeck et al., 2010).
The six DNA-binding loops of DnaB6 are structurally analo-
gous to the L1 loop of RecA (Chen et al., 2008; Story and Steitz,
1992) and form the right-handed spiral staircase that tracks theCell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc. 269
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Figure 2. Interactions between an A-Form ssDNA and the DNA-Binding Loops in the CTD Staircase
(A) The DNA-binding loops of DnaB6 form a right-handed spiral staircase along the A-form ssDNA with a pitch of 32 A˚, which is depicted in yellow cartoon
representation. The CTD subunits are shown as cartoon, with the residues involved in DNA binding displayed as sticks.
(B) The spiral staircase of nucleic-acid-binding loops of Rho (PDB ID: 3ICE) and E1 (PDB ID: 2GXA). One of the RNA-binding loops of Rho is removed for clarity.
Subunits are colored according to their positions along the spiral staircase as in (A). Each helicase-bound nucleic acid substrate is displayed as yellow cartoon
with its pitch shown on the left.
(C) The helicase-ssDNA interactions of the boxed region in (A) and representative Fo-Fc electron density for DNA. The Fo-Fc density that was calculated prior to
including the ssDNA in themodel is shown in orange and blackmesh at contour levels 2s and 3s, respectively. For a pair of CTD subunits, the CTD50 is the subunit
that interacts with the nucleotides at the 50 end of the ssDNA and is equivalent to an upper step of the staircase, whereas CTD30 is the subunit that contacts the
nucleotides at the 30 end of the ssDNA and acts as a lower step in the staircase. The phosphate backbone of the ssDNA is recognized by the amide groups in the
peptide backbone of E382 and E384, as well as the side chain of R381.
(D) The hydrogen bond networks that connect adjacent DNA-binding loops and link the active site to the DNA-binding loop.
See also Figure S2.phosphate backbone of the bound A-form ssDNAwith each loop
contacting two phosphate groups via a set of three hydrogen
bonds (Figure 2C), suggesting a two-nucleotide physical step
size for DnaB6. In contrast, Rho and E1 coordinate one nucleo-
tide of their nucleic acid substrates per subunit (Figure 2B) (Ene-
mark and Joshua-Tor, 2006; Thomsen and Berger, 2009).
NTP-Bound Conformation of DnaB6 Active Sites
Of the six NTPase active sites that are located between two adja-
cent RecA-like domains, five contain GDP-AlF4-Ca
2+ as revealed
by the Fo-Fc electron density map calculated prior to the inclu-
sion of these ligands into the model (Figures 1D and 3A and Fig-
ure S1 available online). The metal ions were modeled as Ca2+270 Cell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc.ions due to the excess CaCl2 in the crystallization buffer. There
is no electron density for GDP-AlF4-Ca
2+ at the interface
between the top and bottom subunits of the CTD staircase
where the ring is split. The base of the GDP does not make any
specific interactions with the enzyme, which is consistent with
previous biochemical data that show that the helicase can
hydrolyze any NTP (Ayora et al., 2002; Kaplan and Steitz, 1999).
The formation of the NTP binding site at the interface between
two adjacent RecA-like domains of DnaB6 is similar to those of
RecA, F1-ATPase, and T7gp4 helicase (Abrahams et al., 1994;
Singleton et al., 2000; Story and Steitz, 1992), probably due to
the conservation of the key nucleotide-binding residues among
these systems (Figure 3A). One-half of the active site of DnaB6,
Table 2. Comparison of the Geometry Attributes of Helicase-Bound Nucleic Acid Substrates to Standard Nucleic Acids
Standard B-Form DNA DnaB E1 Standard A-Form RNA Rho
Step size based on crystal structures
(nucleotides)
2 1 1
Pitch of 12 residues (A˚) 40.6 32.1 33.7
Pitch of 6 residues (A˚) 16.9 12.8 14.1 10.9
Average rise per residue (A˚) 3.38 2.7 ± 1.2 2.6 2.8 2.2 ± 1.6
Deviation from the rise per residue
of B-from DNA
0.7 A˚
20%
0.8 A˚
23%
Deviation from the rise per residue
of A-form RNA
0.6 A˚
22%
RMSD against A-form ssDNA (A˚) 2.0
RMSD against B-form ssDNA (A˚) 2.5
The attributes of E1- and Rho-bound substrates were calculated fromPDB IDs 2GXA and 3ICE (Enemark and Joshua-Tor, 2006; Thomsen and Berger,
2009), respectively.CTD50, consists of the Walker A motif (WA), Walker B motif (WB),
and a catalytic glutamate (CE); the other half of the active site,
CTD30, is composed of K418 and R420, which stabilize the
transition state analog. Alanine mutagenesis of the nucleotide-
binding residues in DnaB6 and T7gp4 resulted in the loss of the
ATPase, helicase, and DNA-binding activities (Crampton et al.,
2004; Soultanas and Wigley, 2002).
The conformations of the catalytic residues in the five active
sites are identical to one another and are also similar to the
ATP-bound states in other RecA-like ATPases (Figure 3A)
(Abrahams et al., 1994; Chen et al., 2008; Thomsen and Berger,
2009). Typically, positively charged residues known as phos-
phate sensors simultaneously engage and neutralize the nega-
tive charges of the g-phosphate of NTPs and the transition state
of the ATP hydrolysis reaction (Enemark and Joshua-Tor, 2008).
In DnaB6, we observe that four phosphate sensor residues
interact with the transition state analog: K216 of the Walker A
motif, Q326 from CTD50, and K418 and R420 from CTD30.
Our structure also reveals that R420 may serve as an allosteric
switch that links ATP binding to an increase in the DNA binding
affinity of DnaB6. The interaction between R420 and AlF4 sug-
gests that K418 and R420 sense the presence of g-phosphate,
hence serving as the Lys- and Arg-fingers that have been
observed in some GTPase-activating proteins, F1-ATPase, and
other helicases (Abrahams et al., 1994; Enemark and Joshua-
Tor, 2006; Scheffzek et al., 1997; Thomsen and Berger, 2009).
Secondary structure alignment of the Walker A motif of the
RecA-like domain of F1-ATPase (Abrahams et al., 1994) onto
that of DnaB6 in the ssDNA complex structure further confirms
this notion. Movement of the Arg-finger to stabilize the g-phos-
phate may also promote DNA binding by aligning the DNA-
binding loops along the ssDNA axis (Figure 2D).
Domain Rotation upon the Binding of ssDNA and
GDP-AlF4
The binding of GDP-AlF4 and ssDNA induces the rotation of
CTDs that results in the formation of a staircase conformation
of the DNA-binding loops (Figure 3B). In the unliganded DnaB6
structure (Bailey et al., 2007a), a conformational change is
needed to form NTP binding sites because the Lys- and Arg-fingers are too far away (23 A˚) from theWalker Amotif with which
they form the putative NTPase active site. In the ssDNA complex,
the RecA-like domain rotates 40 toward the ssDNA substrate to
bring the Lys- and Arg-fingers into the active site to neutralize the
negative charge of the AlF4 (Figure 3B). The rotation not only
allows the rotating subunit to interact with two nucleotides of
the ssDNA by moving the DNA-binding loop 17 A˚ toward the
ssDNA substrate but also causes the rotating subunit to translate
5.6 A˚ toward the 30 end of the ssDNA, creating a spiral CTD
staircase with a rise of 5.6 A˚ per CTD subunit. Taken together,
the association of both GDP-AlF4 and ssDNA converts the flat
ring conformation of the unliganded DnaB6 that cannot accom-
modate binding of NTP (Bailey et al., 2007a) into the spiral
staircase conformation with assembled NTP-binding pockets
and an organized DNA-binding loop track that is complementary
to the helical conformation of DNA.
DISCUSSION
Binding of Nucleic Acids to Hexameric Helicases
DnaB6 has evolved two different mechanisms to interact with
a DNA substrate that is twice as long as that of E1 and Rho.
Instead of the one nucleotide per subunit stoichiometry seen in
the structures of E1 and Rho with their substrates (Enemark
and Joshua-Tor, 2006; Thomsen and Berger, 2009), DnaB6 inter-
acts with two nucleotides of ssDNA per subunit, suggesting that
DnaB6 has a physical step size of two nucleotides as previously
predicted by a nuclease protection assay (Jezewska et al.,
1998b) (Figures 2A and 2C). Furthermore, the staircase formation
strategy of DnaB6 contrasts markedly with those of E1 and Rho.
The spiral staircase conformation of the DNA-binding loops of
DnaB6 arises from the change in its quaternary structure due
to the migration of entire subunits. In contrast, in E1 and Rho,
the spiral conformation of nucleic-acid-binding loops is due to
the movement of the loops themselves, whereas the overall
ring remains flat (Enemark and Joshua-Tor, 2006; Thomsen
and Berger, 2009). Hence, the elongated pitch of the DNA-
binding loops of DnaB6 allows the helicase to bind an ssDNA
substrate with a pitch that is 3-fold longer than those of E1
and Rho (Figures 2A and 2B and Table 2). A truncated versionCell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc. 271
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Figure 3. Formation of an NTP-Bound
Active Site
(A) Detailed interactions between the active site
residues and GDP-AlF4 in a representative active
site (between subunits E and D). Representative
Fo-Fc electron density of GDP-AlF4 in the NTPase
active site calculated prior to including GDP-AlF4-
Ca2+ in the model is shown in green mesh at the
contour level of 2s. Nucleotide-binding residues
from the CTD50 includeWalker A-motif (WA: G215,
K216, and T217), Walker B motif (WB: D320),
a catalytic glutamate (CE: E241), R250, and Q362.
R250 coordinates the a-phosphate. Nucleotide-
binding residues from the CTD30 include K418 and
R420. See Figure S1 for final 2Fo-Fc electron
density of GDP-AlF4 and the active site residues.
(B) Subunit rotation upon GDP-AlF4 and ssDNA
binding. The diagram was generated by super-
imposing one subunit from the unliganded DnaB6 structure (PDB ID: 2R6A) on the subunit of the current DnaB6 structure that provides the Walker A motif for
GDP-AlF4 (CTD5
0) by a least-square method. Only the adjacent subunits that donate the Arg-finger for NTP coordination (CTD30) are shown, and the subunits
used in the superimposition are omitted. The dark pink subunit is from the DnaB6-ssDNA-GDP-AlF4 complex, whereas the blue subunit comes from the un-
liganded DnaB6. DNA-binding loops and Arg-fingers are shown as spheres, whereas DNA is shown as a yellow cartoon. GDP is represented with green sticks.of the DnaB family G40P helicase, which lacks its NTD but
retains its helicase activity, also adopts a spiral staircase confor-
mation when cocrystallized with ATPgS in a P61 space group
(Mesa et al., 2006; Wang et al., 2008), suggesting that the result-
ing spiral staircase conformations of DnaB6 and G40P are not
due to crystal packing.
The strikingly different quaternary structure of the DnaB6 com-
plex with ssDNA compared to those of E1 andRho (Enemark and
Joshua-Tor, 2006; Thomsen and Berger, 2009) raises a question
of whether the flat ring conformation of DnaB6 could accommo-
date a 12-nucleotide-long ssDNA. Comparison of the structures
of unliganded DnaB6 and G40P (Bailey et al., 2007a; Wang et al.,
2008) with the current structure suggests that this would not be
possible. Not only are the flat ring structures of DnaB6 and G40P
not able to assemble the NTPase active site as previously
mentioned, but also the DNA-binding loops of the unliganded
DnaB6 are randomly positioned along their putative transloca-
tion axes over a range of 20 A˚, whereas those of the unliganded
G40P adopt a staircase conformation with a pitch of only 16 A˚
(Figure S2). If a flat ring DnaB6 were to interact with a 12-nucle-
otide-long ssDNA, then the pitch of the substrate would be
limited to 16–20 A˚, resulting in an average rise per residue
of only 50% compared to B-form DNA instead of the 80%
average rise per residue that is observed in the current structure
(Table 2).
Despite the different quaternary structures and step sizes, the
structures of DnaB6 and other helicases bound to their nucleic
acid substrates (Enemark and Joshua-Tor, 2006; Thomsen and
Berger, 2009) suggest that hexameric helicases share common
nucleic-acid-binding mechanisms that differ from monomeric
helicases. Hexameric helicases interact exclusively with the
phosphate oxygen atoms of their nucleic acid substrates
through nucleic-acid-binding loops that are arranged into a
right-handed, six-step spiral staircase (Figures 2A and 2B). In
contrast, monomeric helicases engage both the phosphate
backbones and bases of their nucleic acid substrates (Kim
et al., 1998; Saikrishnan et al., 2009; Velankar et al., 1999). More-
over, the hexameric helicase-bound nucleic acid substrates272 Cell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc.exhibit a 20%–23% decrease in their average helical rises per
residue relative to standard nucleic acids (Table 2).
DnaB6 May Utilize a Hand-over-Hand Mechanism for 5
0
to 30 Translocation
Two key features of the current DnaB6 structure suggest that
DnaB6 most likely uses a different translocation mechanism
from E1 and Rho, though one might have expected the mecha-
nism of Rho and DnaB6 to be similar because both are RecA-
type hexameric helicases. The pitch of ssDNA bound to DnaB6
is approximately three times longer than that of the substrates
of Rho and E1 (Figures 2A and 2B and Table 2) (Enemark and
Joshua-Tor, 2006; Thomsen and Berger, 2009). Furthermore,
the DNA-binding element of DnaB6 only consists of a 5-amino-
acid-long loop, which is significantly shorter than the 12- and
15-amino-acid-long b-hairpins of E1 and Rho (Enemark and
Joshua-Tor, 2006; Thomsen and Berger, 2009). During the
translocation of E1 and Rho, the nucleic-acid-binding loop
must swing from one end of the nucleic-acid-binding loop stair-
case to the opposite end in order to engage an incoming nucle-
otide of the nucleic acid substrate (Enemark and Joshua-Tor,
2006; Thomsen and Berger, 2009). The combination of the two
aforementioned structural elements of DnaB6 suggests that
the top DNA-binding loop may not be able to traverse the pitch
of the ssDNA substrate to reach the two new nucleotides at
the 30 side of the ssDNA without major quaternary structure
rearrangements.
Although we currently lack crystallographic data that establish
the position of the first NTP hydrolysis and whether sequential,
concerted, or stochastic NTP hydrolysis is coupled to transloca-
tion (Lyubimov et al., 2011), we have considered three different 50
to 30 translocation models for DnaB6 in which ssDNA binding is
stabilized by NTP binding while ssDNA release is stimulated by
NTP hydrolysis as indicated from biochemical studies of T7gp4
(Hingorani and Patel, 1993).
In the first hand-over-hand model, DnaB6 couples the translo-
cation of a subunit to sequential NTP hydrolysis and operates in
an analogous manner to a rope climber, whereby the top subunit
12 nts
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Figure 4. The Hand-over-Hand Mechanism of DnaB6
Subunits are colored as in Figure 1. The lagging strand on which DnaB6 translocates is colored yellow, and the leading strand is colored orange. Red nucleotides
illustrate residues that interact with the helicase in the crystal structure presented here, whereas green nucleotides represent those that are entering the hexamer
after ATP turnover. The thick black arrow denotes the downward movement of the top CTD subunit toward the 30 end of the lagging strand. See also Figures S3,
S4, S5, and S6 and Movie S1.of the CTD staircase moves toward the 30 end of the lagging
strand (Figure 4 and Movie S1). Upon hydrolysis of the NTP in
the top active site, the top subunit dissociates from the two
nucleotides at the 50 end of the ssDNA (Hingorani and Patel,
1993). The translocation or the dissociation of the top CTD
subunit from its adjacent subunit is driven by the release of the
g-phosphate that originally bridged the Arg-finger of the top
subunit to the Walker A motif of the adjacent subunit. An
incoming NTP would then bind to the empty and solvent-
exposedWalker Amotif of the bottom subunit. As the top subunit
dissociates from its neighbor at the top of the staircase, it
migrates toward the bottom of the staircase, where it provides
the Arg-finger to stabilize the newly bound NTP and promotes
the unwinding of two base pairs. The cycle is repeated when
NTP is hydrolyzed at the top of the staircase. Essentially, the
hydrolysis of one ATP and subsequent release of the g-phos-
phate (12 kcal/mole) are coupled to the unwinding with a
physical step size of two base pairs (+3.6kcal/mol) (von Hippel
and Delagoutte, 2001), which is consistent with the footprint of
DnaB6 that is suggestive of the stoichiometry of two nucleotides
per subunit (Jezewska et al., 1998b).
Although an ensemble kinetic method showed that the kinetic
step size of DnaB6 was 1.4 ± 0.2 nucleotides or between 1.2 and
1.6 nucleotides (Galletto et al., 2004), the physical step size
based on our structure and the kinetic step size describe two
different parameters in the DnaB6 translocation cycle. The phys-
ical step size is the average distance moved by DnaB6 along its
ssDNA substrate per NTP hydrolysis and is not necessarily
equivalent to a kinetic step size, which is defined as an average
number of nucleotides translocated between two successive
rate-limiting steps in the translocation cycle (Yodh et al., 2010).
Additional experiments at the single-molecule level are required
to confirm the physical step size of DnaB6.
Although the available crystallographic evidence cannot rule
out the possibility that NTP hydrolysis is initiated at the bottom
active site during the hand-over-hand mechanism, we propose
that the top active site is where the first NTP hydrolysis occurs
because the hydrolysis of NTP at the bottom active site wouldresult in a helicase with a 30 to 50 polarity that is opposite to the
observed polarity of DnaB6 (LeBowitz and McMacken, 1986).
Moreover, the proposed ATP turnover that propagates from
the top to the bottom active site with respect to the 50 end of
the ssDNA is consistent with the direction in which ATP is hydro-
lyzed by Rho that translocates in the same direction as DnaB6
(Thomsen and Berger, 2009).
The NTP hydrolysis at the top active site could be preferred
due to the interactions between the top CTD subunit and its
NTD. It has been suggested that the NTD trimer-of-dimers of
DnaB family helicases may also play a role in defining the polarity
of DnaB6 because the removal of the NTD from the DnaB family
G40P helicase generated a bidirectional helicase (Mesa et al.,
2006). In our structure, the top subunit is the only subunit that
interacts extensively with the NTD staircase. It can be postu-
lated that the interactions between the corresponding N- and
C-terminal domains may stimulate the NTPase and/or helicase
activities of the top RecA-like domain such that NTP is preferen-
tially hydrolyzed at the top active site.
Although we have considered two alternative translocation
mechanisms (Figures S3 and S4), we favor the hand-over-hand
model (Figure 4 and Movie S1). Not only is it consistent with
a biochemical study of T7gp4, which indicates that the transfer
of ssDNA from one subunit to the next is coupled to sequential
NTP hydrolysis in SF4 helicases (Crampton et al., 2006), but it
is also the most energetically efficient mechanism with a step
size of two nucleotides per NTP hydrolysis, as compared to
a two-nucleotide step size per five NTP molecules in the alterna-
tive models. Furthermore, because Rho and DnaB6 are both
RecA-type 50 to 30 hexameric helicases with 33.5% sequence
similarity in their RecA-like domains, the NTP hydrolysis cycle
of DnaB6 could operate in a sequential manner like that of Rho.
Moreover, the hand-over-hand motion allows each individual
DnaB hexamer, hence each replication fork, to independently
move in opposite directions from oriC, as demonstrated by a
single-molecule study in live E. coli cells in which sister repli-
somes travel in opposite directions before returning to the termi-
nation site (Reyes-Lamothe et al., 2008).Cell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc. 273
The hand-over-hand model is not only mechanistically dis-
tinct from the existing translocation mechanisms of hexameric
helicases but also thermodynamically feasible. DnaB6 travels
with a physical step size of two nucleotides per NTP molecule
instead of one nucleotide as proposed for Rho and E1. Further-
more, as required by the larger pitch of the ssDNA bound to
DnaB6 (Table 2), the translocation of DnaB6 involves the move-
ments of entire subunits rather than smaller movements of only
nucleic-acid-binding loops as observed in E1 and Rho (Enemark
and Joshua-Tor, 2006; Thomsen and Berger, 2009). Most impor-
tantly, the subunit rearrangement is thermodynamically plausible
because the energy from ATP hydrolysis (12 kcal/mol) can
support both the unwinding of two base pairs (+3.6 kcal/mol)
(von Hippel and Delagoutte, 2001) and the thermodynamic
penalty associated with the migration of the CTD subunit, which
is thermodynamically favorable due to the hydrophilic nature of
interface between NTD andCTD (Figure S5). Although themech-
anism is thermodynamically sound, crystallographic evidence
alone is not sufficient to determine whether this model repre-
sents an active or passive unwinding, which would require a
comparison of the rate of unwinding by the helicase and the
rate of strand separation by thermal breathing.
The Spiral Staircase Conformer of DnaB6 Could
Translocate on Both ssDNA and dsDNA
In addition to ssDNA, DnaB6 can also act as an NTP-dependent
dsDNA translocase in vitro (Kaplan, 2000; Kaplan and O’Donnell,
2002). We propose that the spiral staircase quaternary structure,
and not the flat ring conformation of unliganded DnaB6 (Bailey
et al., 2007a), represents the conformation of DnaB6 that can
translocate on both ssDNA and dsDNA. Superposition of the
phosphate backbone of the ssDNA substrate of DnaB6 onto
the template strand DNA that is bound to the b-clamp in the
b-clamp:clamp loader complex gave an RMSD of 0.54 A˚ (Kelch
et al., 2011). Although a few minor clashes between loops in the
central channel of the CTD of DnaB6 and the primer strand DNA
of the b-clamp:clamp loader complex arise as a result of this
alignment, only minor conformational changes that enlarge the
diameter of the CTD staircase are required to alleviate these
clashes. The striking similarity between the structures of the
ssDNA bound to DnaB6 and the template DNA of the A-form
duplex bound to the b-clamp:clamp loader complex suggests
that the spiral conformation of DnaB6 can accommodate and
translocate on dsDNA. In contrast, the unliganded DnaB6 is
not in a conformation that supports translocation on dsDNA
because the flat ring conformation of DnaB6 lacks the ability to
bind NTP.
Maintenance of the Hexameric State by the Linker
Domain
The 35-amino-acid-long linker domain (Figure 1A) ensures that
DnaB6 remains in a hexameric state and continues to encircle
the lagging strand during translocation. Our structure demon-
strates that the hydrophobic interactions between the linker helix
and the adjacent CTD subunit stabilize the packing of the CTD
staircase while also ensuring that the top CTD subunit of the
staircase does not disengage from the core hexameric assembly
during the hand-over-hand motion. Meanwhile, the N-linkers of274 Cell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc.the linker domains tether the NTD trimer-of-dimers and the
CTD ring together when the helicase adopts the spiral staircase
conformation because, except for the CTD at the top of the
staircase, the N- and C-terminal domains of the same subunit
do not contact each other.
Whether the hand-over-handmechanism would be applicable
to other hexameric helicases, particularly other SF4 helicases,
depends on the presence of accessory domains that can main-
tain the hexameric state of the helicase during the long-range
movement of the RecA-like domains (Figure S6). Consistent
with the hypothesis that Rho and DnaB6 have evolved different
translocation mechanisms, Rho does not possess any acces-
sory domain that is equivalent to the linker domain of DnaB6.
In contrast, the presence of accessory domains around the
periphery of the ATPase ring of T7gp4, as well as the oligomeri-
zation domain that stacks on top of the AAA+ rings of E1 and
SV40 large T antigen, suggests that these helicases may be
able to incorporate the hand-over-handmotion into their translo-
cation mechanisms.
Coupling of the NTD Staircase Formation to
Translocation of the CTD Hexamer
During the hand-over-handmotion of the six-step CTD staircase,
the NTD trimer-of-dimers is proposed to translocate in three
steps. Each trimer interface splits once for every two CTDmove-
ments, which coincides with the hydrolysis of two molecules of
NTP (Figure 5 and Movie S2). Due to the large 2,000 A˚2 hydro-
phobic interface within the NTD dimer (Bailey et al., 2007a), the
dimer is presumed to remain intact during translocation and to
thereby act as an individual step in the NTD staircase. We
propose that each hand-over-hand motion of the NTD staircase
requires the translocating NTD dimer to tilt as it is pulled in the 30
direction by the N-linker that connects each NTD to the linker
helix and CTD (Figures 1A and 1E). In Movie S2, the tilt of the
translocating NTD dimer was modeled as a two-step process
for two reasons. This model ensures that only one trimer inter-
face is broken during translocation and minimizes the distance
between the NTD and its linker helix to 40 A˚, which is within
the distance of 48 A˚ that the 13-amino-acid-long N-linker could
stretch.
Stoichiometry of DnaG Primase to DnaB6 during
Translocation
We propose that a single DnaGmay interact with a translocating
DnaB6 in the replisome because the motion of the NTD and CTD
staircases must be coordinated during translocation. The coc-
rystal structure of unliganded DnaB6 with the helicase-binding
domain (HBD) of DnaG shows that each HBD binds across the
NTD trimer interface of DnaB6 (Bailey et al., 2007a). The forma-
tion of the NTD staircase disrupts the central NTD trimer inter-
face, leaving the left and right intact interfaces as potential
DnaG-binding platforms (Figures 1D and S7). These two remain-
ing sites are, however, temporally inequivalent during transloca-
tion (Movie S2). As the center trimer interface closes, the left
trimer interface becomes the next to open (Figure 1D). Hence,
the HBD binding site that has remained undisturbed the longest
is the right trimer interface, which has been closed for four ATP
hydrolysis events and, therefore, during translocation over eight
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Figure 5. Synchronization of the NTD Stair-
case Formation with the NTP Hydrolysis
Cycle in the CTD Staircase
(A) Top view down the 50 end of the ssDNA
substrate. The NTD (top) and CTD (bottom)
staircases are shown as dimers and circles that
are spiraling into the plane of the paper, respec-
tively. The sizes of the subunits indicate the
positions of the subunits along the spiral staircase,
with the largest symbols representing the top
subunits and the smallest symbols representing
the bottom subunits. Black triangles denote sites
where the NTD and CTD staircases split into the
lockwasher. In the CTD panel, the black triangles
also illustrate the binding site of incoming NTP,
whereas white triangles indicate the site of NTP
hydrolysis.
(B) The NTD trimer-of-dimers would act as a three-
step staircase that splits after the translocation
over four base pairs, whereas the CTD staircase
splits after two base pairs. State 1 is the current
structure, whereas states 3 and 5 are generated by
120 and 240 clockwise rotation of state 1 along
the ssDNA axis.
See also Movie S2.nucleotides (Figure 1D). We propose that this right trimer inter-
face recruits DnaG for primer synthesis.
Our proposal that the preferred stoichiometry of DnaG to
DnaB6 is 1:1 in the replisome is supported by a single-molecule
study that showed that cooperative binding of a 2–3 molar
excess of DnaG to DnaB6 led to abortive replication (Tanner
et al., 2008). Comparison of the structure described here with
our earlier structure DnaG (Bailey et al., 2007a) provides the
basis for such behavior because the binding of multiple mole-
cules of DnaG likely results in a staircase-to-flat ring conver-
sion, reducing the effective concentration of active DnaB6. The
1:1 ratio that we suggest of DnaG to DnaB6 in the replisome
implies that excessive DnaG binding could be inhibitory to the
processivity of the replisome as previously proposed by Tanner
et al. (2008). It is not in conflict with the stimulatory effect of
DnaG on DnaB6 enzymatic activity according to an ensemble
study in vitro by LeBowitz and McMacken (1986). In short,
our proposed DnaG:DnaB6 stoichiometry focuses on the ratio
of DnaG to DnaB6 in a processive replisome, not on the effect
of DnaG on the enzymatic activity of DnaB6 or the rate of
replication.
The hand-over-hand model implies that DnaGmay not neces-
sarily bind the translocating DnaB6 throughout the synthesis of
a 9- to 12-nucleotide-long RNA primer (Kitani et al., 1985)
because our model suggests that each NTD trimer interface
may only remain closed during translocation over a maximum
of eight nucleotides. This hypothesis is consistent with the disas-Cell 151, 267–277,sembly model of the primosome (Mano-
sas et al., 2009), which suggests that,
although DnaG is required to interact
with DnaB6 for localization and enhanced
enzymatic activity, DnaG can remain at
the primed site through a contact withssDNA-binding protein (SSB) while DnaB6 continues its translo-
cation (Yuzhakov et al., 1999).
Recognition of A-Form DNA by Replication Proteins in
a Spiral Staircase Conformation
Comparison of the current structure of DnaB6 with ssDNA and
the structure of b-clamp:clamp loader bound to primer-template
DNA (Kelch et al., 2011) suggests that the conversion of ring-
shaped replisomal proteins that adopt a flat ring conformation
in an unliganded state into a spiral staircase conformation to
recognize an A-form DNA may be a common theme in bacterial
replication. Transformation into the spiral staircase creates
a helical track of DNA binding moieties that is complementary
to the helical shape of A-form DNA. The striking similarity of
the structure of the DNA bound to DnaB6 and to the b-clamp:
clamp loader complex suggests that these proteins shift the
equilibrium between A- and B-form DNAs toward the A-form,
presumably due to dehydration of the DNA.
Summary
The structure of DnaB6 in complex with a centrally bound ssDNA
and GDP-AlF4 provides the first structural insights into the
translocation mechanism of an SF4 helicase. Upon its binding
to NTP and ssDNA, DnaB6 undergoes a large-scale conforma-
tional change from a flat ring to a spiral staircase that allows
the helicase to coordinate two nucleotides of A-form ssDNA
per subunit, which is consistent with footprinting evidenceOctober 12, 2012 ª2012 Elsevier Inc. 275
(Jezewska et al., 1998b). Together with its remarkably distinct
quaternary structure, the longer ssDNA substrate and the shorter
DNA-binding loops of DnaB6 suggest that DnaB6 employs
a hand-over-hand mechanism that is notably different from ex-
isting translocation mechanisms proposed for the Rho and E1
hexameric helicases (Enemark and Joshua-Tor, 2006; Thomsen
and Berger, 2009).
Comparison of the structure-based translocationmechanisms
of DnaB6, Rho (Thomsen and Berger, 2009), and E1 (Enemark
and Joshua-Tor, 2006) with the biochemically based transloca-
tion mechanisms of many pentameric and hexameric helicases
(Chemla et al., 2005; Martin et al., 2005; Moffitt et al., 2009; Mor-
eau et al., 2007) suggests that a general mechanism of translo-
cation for all hexameric helicases may not exist. Instead, our
structure provides evidence that different helicases may have
tailored their translocation mechanisms according to their step
sizes and the presence of accessory domains outside of the
common RecA-like domains.
EXPERIMENTAL PROCEDURES
Protein Purification, Crystallization, and Data Collection
DnaB6 was purified as previously described in Bailey et al. (2007a). To form the
complex, 17 mMDnaB6 in buffer A (20mMTris [pH 7.4], 0.1MNaCl, and 10mM
MgCl2) was incubated with 5mMNaF, 0.5mMAlCl3, and a 3-foldmolar excess
of ssDNA for 20–30 min and was incubated with 2 mM GDP for an additional
10 min at room temperature. Crystals were grown using the sitting-drop
vapor-diffusion method at 12–25C by mixing equal volumes of the complex
(diluted to 6.8 mM with buffer A) with the precipitant containing 4%–7%
PEG3350, 0.2 M CaCl2, and 0.1 M MES (pH 6.5) and were cryoprotected by
supplementing to final concentrations of 10% PEG3350, 25% ethylene glycol,
and 10mMMgCl2. Diffraction data were collected at beamlines X-25 and X-29
of the National Synchrotron Light Source of the Brookhaven National Labora-
tory at 100 K and were processed by using the HKL suite of programs (Table 1)
(Otwinowski, 1997).
Structure Determination and Refinement
Initial phases were determined by using the single isomorphous replace-
ment with anomalous scattering method. Ta6Br14
2+-derivative 1 was prepared
from native crystal 1 (DnaB6 with dT40 and GDP-AlF4) with statistics summa-
rized in Table 1. The positions of 17 clusters of Ta6Br14
2+ were found by using
the direct methods procedure as implemented in SHELXD (Sheldrick, 2010).
The initial experimental electron density maps were generated by using
SHELXE (Sheldrick, 2010) to 5.6 A˚ resolution. These maps have recognizable
features for all 12 NTDs and 11 of the 12 CTDs of two copies of the DnaB6
complex in one asymmetric unit, thus allowing for their unambiguous place-
ment using the atomic model of 2R6A (Bailey et al., 2007a). This model
provided initial noncrystallographic symmetry (NCS) matrices for multidomain
NCS averaging with solvent flattening using DMMULTI (Collaborative Compu-
tational Project, Number 4, 1994). The resulting experimental phases were
used to determine additional heavy atom derivative structures from derivatives
2 and 3 (Table 1), as well as to rerefine the first heavy atom derivative using
MLPHARE (Otwinowski, 1991).
The MLPHARE-generated phases of native crystal 1 were transferred to the
3.55 A˚ resolution data set (I/sI = 2.55) of native crystal 2 (DnaB6 with dT16 and
GDP-AlF4) for phase extension using CNS density modification procedure
(Bru¨nger et al., 1998) and were subjected to new runs of multidomain NCS
averaging with DMMULTI (Collaborative Computational Project, Number 4,
1994). The resulting maps show recognizable features for ssDNA and GDP-
AlF4. For NCS averaging, matrices were derived from a rigid-body refined
crystal 2 model starting with the crystal 1 model using REFMAC5 (Collabora-
tive Computational Project, Number 4, 1994).
Themodel for crystal 2 was iteratively rebuilt in Coot and refined by including
data up to 3.3 A˚ resolution (I/sI = 0.8) by using REFMAC5 with strong NCS276 Cell 151, 267–277, October 12, 2012 ª2012 Elsevier Inc.restraints. To remove model bias and facilitate model rebuilding, multidomain
NCS averaging in DMMULTI was carried out for model-calculated phases. The
final round of refinement included TLS decomposition of all rigid groups corre-
sponding to individual NTD and CTD subunits.
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